Torque sensors such as the torsion balance enabled the first determination of the gravitational constant by Henri Cavendish 1 and the discovery of Coulomb's law. Torque sensors are also widely used in studying small-scale magnetism 2,3 , the Casimir effect 4 and other applications 5 . Great effort has been made to improve the torque detection sensitivity by nanofabrication and cryogenic cooling. Until now, the most sensitive torque sensor has achieved a remarkable sensitivity of 2.9 × 10 −24 N m Hz −1/2 at millikelvin temperatures in a dilution refrigerator 6 . Here, we show a torque sensor reaching sensitivity of (4.2 ± 1.2) × 10 −27 N m Hz −1/2 at room temperature. It is created by an optically levitated nanoparticle in vacuum. Our system does not require complex nanofabrication. Moreover, we drive a nanoparticle to rotate at a record high speed beyond 5 GHz (300 billion r.p.m.). Our calculations show that this system will be able to detect the long sought after vacuum friction 7-10 near a surface under realistic conditions. The optically levitated nanorotor will also have applications in studying nanoscale magnetism 2,3 and the quantum geometric phase 11 .
Torque sensors such as the torsion balance enabled the first determination of the gravitational constant by Henri Cavendish 1 and the discovery of Coulomb's law. Torque sensors are also widely used in studying small-scale magnetism 2,3 , the Casimir effect 4 and other applications 5 . Great effort has been made to improve the torque detection sensitivity by nanofabrication and cryogenic cooling. Until now, the most sensitive torque sensor has achieved a remarkable sensitivity of 2.9 × 10 −24 N m Hz −1/2 at millikelvin temperatures in a dilution refrigerator 6 . Here, we show a torque sensor reaching sensitivity of (4.2 ± 1.2) × 10 −27 N m Hz −1/2 at room temperature. It is created by an optically levitated nanoparticle in vacuum. Our system does not require complex nanofabrication. Moreover, we drive a nanoparticle to rotate at a record high speed beyond 5 GHz (300 billion r.p.m.). Our calculations show that this system will be able to detect the long sought after vacuum friction 7-10 near a surface under realistic conditions. The optically levitated nanorotor will also have applications in studying nanoscale magnetism 2,3 and the quantum geometric phase 11 .
Recent developments in levitated optomechanics provide a new paradigm for sensing and precision measurements [12] [13] [14] . Recently, the centre-of-mass motion of an optically levitated nanoparticle in vacuum was cooled to microkelvin temperatures 15 . Experimental control of the rotation [16] [17] [18] [19] [20] [21] , torsional vibration 18, 22 and precession 23 of a levitated nanoparticle in vacuum have also been demonstrated. A levitated nanoparticle has been used to study nonequilibrium thermodynamics at small scales [24] [25] [26] [27] and demonstrate force sensing at the zeptonewton scale 13 . It was proposed that an optically levitated nonspherical nanoparticle in vacuum would be an ultrasensitive torque sensor 22 and could study anisotropic surface interactions 28 . While optically levitated torque sensors have attracted a lot of interest 17, 18, 23 , an experimental demonstration of a torque sensitivity better than that of the state-of-the-art nanofabricated torque sensor (10 −24 N m Hz −1/2 ) (ref. 6 ) has not been reported.
In this experiment, we optically trap a silica nanoparticle (a nanosphere or a nanodumbbell) in a vacuum chamber using a tightly focused 1,550-nm laser (Fig. 1 ). The polarization of the trapping laser is controlled with a quarter waveplate. An additional 1,020-nm laser is used to apply an external torque that will be measured. The trapping laser passes a collimation lens and is guided to balanced photodetectors that monitor the rotational, torsional and centre-of-mass motions of the levitated nanoparticle. When the nanoparticle rotates, it changes the polarization of the trapping laser slightly, which is monitored with a balanced photodetector after a polarizing beam splitter (Fig. 1a ). The signal of the balanced detector is sent to a spectrum analyser to measure the rotation frequency.
Once a nanoparticle is trapped in a linearly polarized 1,550nm laser, we collect the power spectral density (PSD) signals of its motion at 10 torr to verify its geometry 18 . Figure 2a shows the PSDs of the motion of a nanosphere. The ratio of the damping rates in directions perpendicular and parallel to the electric field of the laser is measured to be 1:02 ± 0:01 I , which is in reasonable agreement with the expected value of one for a sphere. There is no observable torsional peak for the nanosphere. On the other hand, the PSD of a nanodumbbell has a clear torsional peak as shown in Fig. 2b . The measured damping ratio is 1:23 ± 0:02 I for this nanodumbbell, which is comparable with the expected value of 1.27 (ref. 18 ).
Ultrasensitive torque detection with an optically levitated nanorotor
After the geometry of a levitated nanoparticle is confirmed, we change the polarization of the trapping laser from linear to circular. The angular momentum of the circularly polarized laser induces a torque on the levitated nanoparticle and drives it to rotate 18, 19 . The rotation speed is determined by the balance between the optical torque and the drag torque from the surrounding air. Thus, the rotation speed is inversely proportional to the air pressure, as shown in Fig. 2c . The rotation speed of a nanodumbbell is much faster than that of a nanosphere with the same diameter in the same trap at the same pressure. This is because the optical torque on the nanodummbell is much larger than that on the nanosphere due to their different shapes. Figure 2d shows two nanoparticles with the fastest rotation frequencies observed in our experiment so far. For the data shown in red circles, the rotation rate reaches 5.2 GHz at 1:23´10 À5 I torr before the nanoparticle is lost from the optical trap. This is about five times faster than the fastest speeds reported in refs. 18, 19 .
Furthermore, we employ the nanorotor as an ultrasensitive torque sensor. To test its performance, we use an additional 1,020nm laser to apply an external torque. If we modulate the 1,020-nm laser sinusoidally, the net torque applied on the nanorotor is
where M d:c: I is the constant component of the optical torque that mainly comes from the trapping beam, M a.c. is the external alternating torque drive from the 1,020-nm laser, ω m I is the frequency of the modulation, M th is the thermal fluctuation torque, I I is the moment of inertia of the nanorotor, ω r I is the angular rotation velocity of the nanoparticle and γ I is the rotational damping rate because of residual air molecules. If we ignore the thermal noise M th , we have ω r ðtÞ ¼ ω d:c: þ M a:c: ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi . The rotational damping rate γ I can be measured experimentally. We can suddenly turn on the 1,020-nm laser and measure the rotation frequency as a function of time (Fig. 3a) . The collected data is fit with an expo-
Here, ω 1 is the initial rotation frequency, ω 2 is the terminal rotation frequency, t 1 I is the time when the 1,020-nm laser is turned on and τ ¼ 1=γ I is the damping time. From the fitting, we determine the damping time. The measured damping time at different pressures are plotted in Fig. 3b .
The external alternating torque M a.c. can be measured by observing the change of the rotational frequency ω r ðtÞ I as a function of time: Here, Δt I is the measurement time, which should be an integer times the modulation period 2π=ω m I for this equation to hold. The sensitivity of measuring an external torque will be limited by the Brownian motion due to the thermal noise torque. Because of the thermal noise, the minimum external torque that can be measured 28, 29 ) , which is defined when the signal-tonoise ratio equals one 29 , k B I is the Boltzmann constant and T I is the temperature. Including the effects of the thermal noise, the singlesided PSD of the time-dependent angular velocity ðω r � ω d:c: Þ I of rotation for a measurement time of Δt I is
Note that S r ðωÞ I can be calculated from the time-dependent rotation frequency ω r =2π I (Fig. 3c ) measured by a spectrum analyser directly. This is very different from the case of the centre-of-mass motion, where a calibration factor is required to convert a measured voltage signal to the real position 30 . We introduce S noise ðωÞ I as the measured S r ðωÞ I due to noise when there is no modulation (M a:c: ¼ 0 I ). The corresponding torque noise spectral density of this system is S T ¼ I 2 ðγ 2 þ ω 2 ÞS noise ðωÞ I (ref. 6 ). Then the torque detection sensitivity obtained from the PSD without modulation is ffiffiffiffiffi S T p I . The minimum detectable torque is related to the torque sensitivity as M min ¼ ffiffiffiffiffi S T p = ffiffiffiffiffi Δt p I . If the system is limited by thermal noise, we have S T ¼ 4k B TIγ I . To measure the external torque exerted on a silica nanosphere by the circularly polarized 1,020-nm laser according to equation (2), we modulate the laser power with a sinusoidal signal at 200 mHz while we measure the rotational PSD of the nanorotor in real time (bottom subfigure in Fig. 3c ). For reference, we simultaneously monitor a radio-frequency signal generated by a voltage-controlled oscillator (VCO) modulated sinusoidally at the same time (top subfigure in Fig. 3c ). We repeat the measurement for different modulation amplitudes. Each measurement takes 100 s. The resulting PSD of the angular velocity ðω r � ω 0 Þ I are shown in Fig. 3d . Figure 3e shows the torque sensitivity obtained from the PSD when there is no modulation. We can then calculate the external torque using the measured ðω r �ω 0 Þ I and the damping time according to equation (2) . As shown in Fig. 3f , the measured external torque is ð1:3 ± 0:5Þ´10 �27 N m I when the modulation amplitude is 3.2 mW, and is as small as ð4:7 ± 3:6Þ´10 �28 N m I when the modulation amplitude is 1.1 mW. The minimum resolvable torque corresponds to the standard deviation of measurements due to noises 29 . For small torques ( < 3´10 À27 N m I ), the average standard deviation of each measurement is ð4:2 ± 1:2Þ´10 �28 N m I for a measurement time of 100 s at 1:3´10 À5 I torr. This corresponds to a measured sensitivity of (4.2 ± 1.2) × 10 −27 N m Hz −1/2 , which is comparable to the theoretical thermal noise-limited sensitivity of 3.3 × 10 −27 N m Hz −1/2 at 300 K at that pressure. The measured sensitivity is several orders improved compared to the state-of-the-art nanofabricated torque sensor in a cryogenic environment 6 .
One important application of our ultrasensitive torque sensor with an optically levitated nanorotor will be to detect the longsought after vacuum friction [7] [8] [9] [10] . A fast-rotating neutral nanoparticle can convert quantum and thermal vacuum fluctuations to radiation emission. Because of this, the electromagnetic vacuum behaves like a complex fluid and will exert a frictional torque on a nanorotor 7, 8 . While there have been many theoretical investigations on vacuum friction, it has not been observed experimentally yet. The vacuum friction is extremely weak in free space 8 , but can be enhanced by a nearby surface with a large local density of electromagnetic states 9, 10 . We perform numerical calculations to find the suitable conditions to detect the vacuum friction. Our calculations show that the vacuum friction acting on a silica nanosphere rotating at 1 GHz near a flat silica surface will be large enough to be observed under realistic conditions. 
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Assuming that a nanosphere is located at a distance d I from the surface and rotates at an angular velocity of Ω I around an axis parallel to the substrate, the vacuum frictional torque is 9,10 : 9 and z I is the axis of rotation (see Supplementary Fig. 1 ). From equation (4), we can find that the imaginary part of the polarizability contributes to the vacuum friction (see Supplementary Fig. 2) .
We calculate the vacuum frictional torque on a 75-nm-radius silica nanosphere near three different substrates (silica, Si 3 N 4 and SiC) at different separations and temperatures (Fig. 4) . These materials support phonon polaritons. Their dielectric functions can be described by the Drude-Lorentz model (see Supplementary  Table 1 ) 9, 10, 31 . For rotation frequencies much smaller than k B T j =_ I , M vac I is proportional to the rotation frequency (see Supplementary  Fig. 3 ). Inspired by our experimental results, we assume the rotation frequency to be 1 GHz in the calculation. As shown in Fig. 4a , a silica surface will give the largest vacuum friction for a rotating silica nanosphere because their phonon polariton modes match. The vacuum frictional torque can be close to 10 À27 I N m at small separations, which is comparable to what we have measured in this experiment. Smaller torques can be measured at lower pressures and for longer times. We also calculated the air damping torque on a rotating nanosphere due to residual air molecules in the vacuum chamber at different pressures. The vacuum friction increases when the temperature increases, while the air damping torque decreases when the temperature increases if the air pressure is constant. At 10 À9 I torr, the vacuum frictional torque is larger than the air damping torque when the temperature of the substrate and the nanosphere is larger than 350 K at 200-nm separation, or larger than 590 K at 300-nm separation (Fig. 4b) . These temperatures should be easy to achieve. Similar pressures have also been achieved in levitation experiments 15, 32 . With recent experimental demonstrations of optical levitation of nanospheres less than 400 nm away from surfaces in a vacuum 33, 34 , we expect that fast rotation can also be achieved near a surface. Therefore, the detection of the vacuum friction with an optically levitated nanorotor torque sensor will be feasible under realistic conditions.
In conclusion, we have demonstrated an ultrasensitive torque sensor with an optically levitated nanorotor in vacuum. We demonstrate a torque detection sensitivity of (4.2 ± 1.2) × 10 −27 N m Hz −1/2 and achieve a record high rotational speed exceeding 5 GHz for a nanorotor. The measured torque sensitivity of our system at room temperature is several orders better than that of the state-of-theart nanofabricated torque sensor at millikelvin temperatures 6 . Our system should be suitable for detecting the vacuum friction [7] [8] [9] [10] . If the rotating nanoparticle contains an electron spin (for example, a diamond nitrogen-vacancy centre), the quantum geometric phase 11 can be observed. It can also be used to study nanoscale magnetism, especially the Einstein-de Haas effect and the Barnett effect 3 .
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